ture oocyte is ovulated into the lumen of the spermaAlthough the basic outline of oocyte maturation is theca, where fertilization takes place. Because the stimhighly conserved in vertebrates and invertebrates, some ulus for oocyte maturation, MSP, is present at all times variation exists between species. For example, the durain young adult hermaphrodites due to the constitutive tion and precise point of meiotic arrest can vary considpresence of sperm, oocyte maturation can be defined erably. Whereas meiotic arrest can occur for several as the period from the time an oocyte assumes the most decades in humans and for several years in amphibians, proximal position to the time fertilization occurs. The this arrest is not apparent in certain nematode species maturation process, despite the constitutive presence where the stimulus for oocyte maturation is constituof the stimulus, is regulated; it occurs one oocyte at a tively present (see below). In addition, the stimulus that time, once every 23 min, and only in the most proximal position (McCarter et al., 1999) . Therefore, oocyte maturation in C. elegans would appear to be dependent on
Introduction lieves this dormancy, making particular mRNAs available for translation. Although the biochemical pathways In addition to its maternal genome, the oocyte provides linking progesterone stimulation and unmasking of dora wealth of mRNAs and proteins responsible for early mant mRNAs, as well as the mechanism of mRNA unembryonic patterning as well as for oocyte development masking itself, are not fully understood, one mechanism itself. In almost all animal species studied, oocytes arlikely to play a role in the activation of masked maternal rest at prophase of the first meiotic division (Masui and mRNA is the addition of a poly A tail. Indeed, it has been Clarke, 1979). Oocyte maturation releases this prophase demonstrated that the translation of maternal cyclin B arrest, allowing the resumption of meiosis and the develmRNA in response to progesterone activation requires opment of the oocyte to a stage when fertilization can the addition of a long poly A tail (Stebbins-Boaz et al., occur (Masui, 1967 ). This process is dependent upon 1996). reception of an appropriate stimulatory signal. MaturaThe nematode Caenorhabditis elegans should provide tion encompasses two developmental programs, one an excellent model for genetic analysis of the regulation nuclear and the other cytoplasmic (see review in Eppig, of oocyte maturation. C. elegans has a female soma and 1996). Nuclear maturation refers to the nuclear events a hermaphroditic germline, which first generates sperm associated with the resumption of meiotic cell cycle and then switches completely to the generation of ooprogression. Cytoplasmic maturation encompasses at cytes (Hirsh et al., 1976, Schedl, 1997). Oocytes grow least three events: the reception of the maturation signal and undergo maturation in a single-file-assembly line at the cell surface, the transduction of this signal to fashion in a tube-like gonad, with the most developed the nucleus, and any subsequent cytoplasmic and/or oocyte most proximal to the spermatheca. The fully mamembrane changes that allow fertilization by sperm. ture oocyte is ovulated into the lumen of the spermaAlthough the basic outline of oocyte maturation is theca, where fertilization takes place. Because the stimhighly conserved in vertebrates and invertebrates, some ulus for oocyte maturation, MSP, is present at all times variation exists between species. For example, the durain young adult hermaphrodites due to the constitutive tion and precise point of meiotic arrest can vary considpresence of sperm, oocyte maturation can be defined erably. Whereas meiotic arrest can occur for several as the period from the time an oocyte assumes the most decades in humans and for several years in amphibians, proximal position to the time fertilization occurs. The this arrest is not apparent in certain nematode species maturation process, despite the constitutive presence where the stimulus for oocyte maturation is constituof the stimulus, is regulated; it occurs one oocyte at a tively present (see below). In addition, the stimulus that time, once every 23 min, and only in the most proximal position (McCarter et al., 1999) . Therefore, oocyte maturation in C. elegans would appear to be dependent on the ability of an oocyte to respond to or to process the oma-1 and oma-2 Encode TIS11, CCCH Zinc Finger-Containing Proteins MSP signal. Because C. elegans is transparent, oocyte maturation, ovulation, and fertilization can be visualized oma-1 and oma-2 are predicted to encode 407 and 393 amino acid proteins, respectively, that contain two in live adult animals and has been well characterized morphologically (McCarter et al., 1999) . No mutations TIS11-like zinc fingers spaced 22 amino acids apart (Figure 1A) . The TIS11 zinc finger is found in a small subset have been identified that are defective specifically in the oocyte maturation process, although many mutants of zinc finger family proteins and consists of C-X 8-10 -C-X 5 -C-X 3 -H, where X refers to any amino acid ( Figure 1B suppressors of zu405. In the first step of the screen, we The identification of oma-1 and oma-2 mutations should isolated 12 dominant suppressors of the zu405 mutafacilitate further genetic and molecular analyses of ootion, of which ten are lof or reduced function mutations cyte maturation, a process that has been difficult to in oma-1. In the second step of the screen, we isolated characterize genetically due to a lack of genetic mutwo mutations that resulted in the synthetic Oma phenotants.
type in the oma-1(te33) background. The nature of these oma-1 and oma-2 mutations are summarized in Figure  1C . oma-1(te33) is a nonsense mutation upstream of Results both zinc fingers resulting in no detectable OMA-1 protein ( Figure 3A ), and represents a null mutation. omaIdentification of the oma-1 and oma-2 Genes 2(te51) is a splice site mutation that results in no detectWe have isolated and characterized a mutation in C.
able OMA-2 protein ( Figure 3A ). The oma-1(te33); elegans, zu405, based on its early embryonic phenotype.
oma-2(te51) mutant phenotype is similar to that of omaThrough transformation rescue, we showed that the 1(RNAi);oma-2(RNAi) animals. All data presented below, zu405 mutation was in the gene C09G9.6 (see Experiunless stated otherwise, were derived using the double mental Procedures). Somewhat surprisingly, inactivamutant oma-1(te33);oma-2(te51) strain TX183. The same tion of C09G9.6 in wild-type worms through RNAi reresults were seen with the oma-1(RNAi);oma-2(RNAi) vealed no observable phenotype. This result suggested animals. either that C09G9.6 does not have an essential function or that its function is redundant with another gene. Coinjection of wild-type worms with C09G9.6 dsRNA and oma-1 and oma-2 Function Redundantly that derived from its closest sequence homolog, in Fertility ZC513.6 (also no phenotype on its own), resulted in
The reproductive system of wild-type C. elegans herthe sterility of the injected animals. This result strongly maphrodites consists of two distal gonad arms (ovaries) suggests that these two genes have redundant functhat are joined proximally to a shared uterus (Figures tions in the adult germline. We show here that this sterile 2A and 2B). Each gonad arm is a syncitium filled with phenotype is due to a specific defect in oocyte maturagerm nuclei that proliferate mitotically before entering tion, and will be referred to as Oma (for oocyte maturameiotic prophase I and initiating oogenesis. Following tion defective). C09G9.6 and ZC513.6 will hereafter be cellularization and late oogenesis, oocytes grow tremenreferred to as oma-1 and oma-2, respectively. The origidously both in nuclear and cytoplasmic volumes. Fully nal mutation, zu405, is a gain-of-function (gof) allele of grown oocytes remain in diakinesis of prophase I. In oma-1, and the characterization of its embryonic phenothe presence of sperm, oocytes sequentially undergo maturation and are ovulated into the spermatheca where type is the subject of a separate paper. Although Oma animals produce both sperm and ooTo determine the cause of Oma sterility, we examined whether sperm and oocytes derived from Oma mutant cytes, they do not produce embryos and have an empty uterus (n ϭ 300; Figure 2D ). Gonad arms in Oma animals animals were functional. C. elegans hermaphrodites typically fertilize their oocytes from an endogenous sperm fill with an abnormally high number of oocytes (an average of 15 oocytes per gonad arm versus 7 for wild-type).
supply and produce self-progeny. However, exogenous wild-type sperm can be introduced via mating with a Oma oocytes are unusually large; each is approximately three to five times the volume of a fully grown, wildmale and are used preferentially to produce cross-progeny. We tested whether sperm from Oma mutants could type oocyte ( Figures 2C and 2D ). Due to their size and number, oocytes occupied approximately 70% of the fertilize non-Oma oocytes by mating oma-1(te33);oma-2(te51) males to young, uncoordinated (unc-24) hergonad volume in Oma animals, and extended much more distally than in wild-type gonads. By examining maphrodites. Single oma-1;oma-2 males mated with single unc-24 hermaphrodites yielded an average of 146 hermaphrodite (n ϭ 8). This result suggests that oma-1;oma-2 sperm are fully functional and points toward a non-Unc cross-progeny per mating (n ϭ 24 matings), similar to the number of cross-progeny obtained (140) defect in oocytes as the cause of the sterility. No crossprogeny were ever observed when oma-1(te33);omawhen a wild-type N2 male was mated with an unc-24 fertilization, and is characterized by a decrease in the Oma nuclei that had a wrinkled appearance, nor did we observe Oma oocytes without nuclear lamin staining. definition of the nuclear boundary under Nomarski optics ( Figure 5A, arrow) . Cortical rearrangement, ocWe conclude that the nuclear envelope composition is altered in Oma oocytes, and favor the notion that NEBD curring 3 min after the initiation of NEBD, results in a shape change of the oocyte from cylindrical to spherical initiates but does not complete. However, we can not exclude the possibility that the observed phenotype is (Figures 2A and 2B) . Well-developed wild-type oocytes are in diakinesis of prophase I and contain six bivalents due to a change in the nuclear membrane unrelated to NEBD. scattered in the nucleus ( Figure 4C Figures 2C and 2D) . Second, the nuclear envelope of Oma oocytes appeared poorly defined under Nomarski in oma-1(te33);oma-2(te51) animals were not observed to undergo endoduplication (n ϭ 200 gonads), and conoptics, reminiscent of nuclei in wild-type Ϫ1 oocytes that have initiated NEBD. No molecular markers specific tained six bivalents ( Figure 4D ) similar to wild-type oocytes, consistent with the conclusion above that they for cortical rearrangement are as yet available, and therefore we were unable to examine this change molecfail to complete the maturation process. However, in old Oma animals (3-4 day adults), we often observed ularly. We did, however, examine the nuclear envelope morphology using antibodies to three C. elegans nuclear oocytes with congressed chromosomes and occasionally observed rereplicated DNA. It is possible that te51 envelope components, B-type lamin, nuclear envelop complex, and Ce-emerin (Lee et al., 2000; Liu et al.,
is not a true null, and therefore some old oocytes do escape arrest. Alternatively, it is possible that C. elegans 2000). B-type lamin staining revealed the most pronounced change and is shown here, although all three oocytes in general have difficulty maintaining an arrest indefinitely. antibodies yielded similar results. In wild-type gonads, lamin staining of the nuclear envelope was uniformly Taken together, our results suggest that Oma oocytes initiate oocyte maturation but fail to complete the matudetected in all germ nuclei except when the Ϫ1 oocyte initiated NEBD (Figure 5D ). At that time, the nuclear ration process. The observed failure of Oma oocytes to undergo ovulation is likely a consequence of this defect staining took on a wrinkled appearance, coincident with further compaction of the chromosomes and an inin oocyte maturation. This demonstrates that ovulation in C. elegans is dependent on oocyte maturation. crease in cytoplasmic staining ( Figures 5C and 5E ). Nuclear lamin staining of the Ϫ1 oocyte was not detected in some animals, presumably due to the completion of Oma Phenotype Is Dependent on Sperm Oocytes in female (e.g., fem-3 or tra-2) animals are also NEBD. By comparison, lamin staining was irregular and punctate in most Oma oocytes, although uniform stainarrested at diakinesis of prophase I ( Figure 4F ), but are distinct from Oma oocytes in the following ways. First, ing was still observed in distal germ nuclei in Oma gonads ( Figures 5F and 5H) . We never observed stained oocytes in females appear thin, cylindrical, and tightly packed ( Figure 2E ). Oma oocytes, on the other hand, MAPK-YT staining pattern ( Figure 6B ). However, this absence of MAPK-YT staining in Oma mutants is age are abnormally large and do not appear tightly packed (Figures 2C and 2D) . Second, oocytes in female worms dependent. In young adults producing their first few oocytes, MAPK-YT staining is clearly detectable in these undergo stochastic, sperm-independent maturation at a rate that is approximately 1/40 that of the wild-type oocytes (data not shown). In both Fem and Oma gonads, MAPK-YT staining in the pachytene zone is unaffected. oocyte maturation rate. This stochastic maturation event releases mature but unfertilized oocytes to the From these results, we conclude that the maintenance of activated MPK-1 in proximal oocytes, a sperm-depenuterus (McCarter et al., 1999) . Oma oocytes have not been observed to undergo stochastic maturation or ovudent event, requires either wild-type oma-1 or oma-2 activity. We also demonstrate, however, that the initial lation (n ϭ 300). Third, and most important, female oocytes can be fertilized to produce normal viable embryos sperm signal for MPK-1 activation has been received by Oma oocytes. in the presence of exogenous sperm, whereas Oma oocytes cannot, suggesting an inherent defect in Oma oo-A second molecular event known to occur during oocyte maturation is the association with chromatin of an cytes that prevents them from being fertilized. We will refer to the developmental block observed in Oma ooaurora-like kinase, AIR-2, specifically in the Ϫ1 oocyte ( Figure 6G ; Schumacher et al., 1998). AIR-2 chromatin cytes as Oma prophase arrest to distinguish it from female prophase arrest. association coincides with the congression of chromosomes and only occurs in the last 4-6 min of the 23-We examined whether the phenotypic difference between Oma and female oocytes is a result of the presmin maturation cycle. In fem-3 mutants, AIR-2 remains cytoplasmic and does not bind to chromatin ( Figure 6I ; ence or absence of sperm by comparing oocytes in oma-1(te33);oma-2(te51), oma-1(te33);oma-2(te51);traSchumacher et al., 1998). The AIR-2 homolog in Xenopus, Eg2, has been shown to play an important role 2(q122gf)/ϩ, and tra-2(q122gf)/ϩ animals. tra-2(q122gf) is a dominant gain-of-function mutation that feminizes in oocyte maturation (Mendez et al., 2000) . However, despite the sequence similarity with Eg2 and the interhermaphrodites to develop into spermless females. We showed that oocytes in Oma Tra triple mutant females esting localization pattern coincident with oocyte maturation, there is no evidence that C. elegans AIR-2 plays ( Figure 2G ) resemble those in tra-2/ϩ female animals ( Figure 2E ) in that they are tightly packed, cylindrical, a role in oocyte maturation because air-2(RNAi) embryos do mature, ovulate, and get fertilized. We examined and have a well-defined nuclear morphology and a smooth lamin staining (data not shown). Unlike tra-2 AIR-2 localization in Oma gonads and detected only faint cytoplasmic AIR-2 staining in all oocytes, indicating oocytes, the oocytes in the triple mutant could not be fertilized when exogenous sperm was introduced via that oma-1 and oma-2 are redundantly required for the association of AIR-2 with chromatin in the Ϫ1 oocyte mating. However, in the presence of sperm, oocytes in triple mutants continued to develop and became indis-( Figure 6H ). Because two sperm-dependent events do not occur tinguishable from oocytes in oma-1(te33);oma-2(te51) double mutants ( Figures 2D and 2F and data not shown in Oma double mutant animals, we conclude that wildtype oma-1 or oma-2 activity is required for the oocyte for lamin staining). This result demonstrates that the Oma phenotype is dependent on sperm, consistent with to execute certain downstream events upon sperm signaling. the conclusion above that Oma oocytes have initiated maturation.
In triple mutants, we never observed rereplication of oocyte DNA but we did observe a high number of nuclei Oma Prophase Arrest Can Be Suppressed by wee-1.3(RNAi) with congressed chromosomes, and the number increased as the worms aged, suggesting that in omaIn Xenopus and other animals, meiotic prophase arrest is thought to require a WEE-1-like kinase, MYT-1. When 1;oma-2 mutants, sperm is not required for chromosome congression. We also observed that the triple mutant MYT-1 activity is removed in Xenopus oocytes, maturation is induced, presumably by subsequent activation oocytes are consistently bigger than female oocytes, suggesting that OMA- as monitored by H2B-GFP. Ovulated oocytes accumuovulated Oma oocytes were observed in the uterus (Figure 7B ). These ovulated oocytes were not fertilized, and lated in the uterus, where they were eventually compressed and severely damaged ( Figure 7A ). By 28 hr were eventually compressed and damaged in the uterus, similar to what was observed for wild-type weeafter RNAi initiation, ovulation ceased in most animals and the uterus was completely filled with a mass of 1.3(RNAi) worms. By 28 hr, the uterus became full, ovulation stopped, and some proximal oocytes became polydamaged oocytes, presumably preventing new oocytes from being ovulated. Newly developed oocytes continploid. Because Oma prophase arrest in oma-1;oma-2 animals can be released by removing wee-1.3 activity, ued to undergo NEBD but remained in the gonad and became polyploid ( Figure 7C ). These results suggest this result supports the conclusion with wild-type worms that C. elegans wee-1.3 functions as a negative regulator that C. elegans wee-1.3 plays a role in negative regulation of NEBD, and likely prophase arrest. of prophase progression. In addition, this result suggests that OMA-1 and OMA-2 either function upstream Recall that oma-1;oma-2 mutant worms do not ovulate nor do they have polyploid oocytes (n ϭ 300).
of WEE-1.3 or in parallel with WEE-1.3 as positive regulators of prophase progression. Twenty-one hr after being fed wee-1.3 RNAi bacteria, 
Discussion
conserved kinase WEE-1.3 and, likely, MPF. Alternatively, it is also possible that OMA-1 and OMA-2 regulate oocyte maturation through a yet unknown pathway parWe report here the identification of two TIS11 finger allel to the WEE-1.3/MPF function. proteins, OMA-1 and OMA-2, that function redundantly
The functional redundancy of OMA-1 and OMA-2 sugduring oocyte maturation in C. elegans using genetic gests either that they regulate the same target, or that mutants specific to this process. We conclude from our they each function in two redundant pathways leading to characterization that Oma worms initiate oocyte maturanuclear maturation. As yet, we are unable to distinguish tion but are defective in its completion for the following between these two possibilities. OMA-1 and OMA-2, four reasons. (1) Events that normally occur during late by analogy to other TIS11 finger proteins, are likely to oogenesis appear to occur properly in Oma oocytes. (2) function by binding to and regulating an RNA target. Chromosomes in Oma oocytes remain diakinetic, but Two models present themselves: in the first, an RNA two events associated with oocyte maturation, NEBD that is a negative regulator of oocyte maturation is in and cortical rearrangement, appear to initiate in Oma turn negatively regulated by OMA-1 and OMA-2 binding. oocytes. (3) The Oma phenotype is dependent on the In the absence of OMA-1 and OMA-2, the negative regupresence of sperm. In the absence of sperm, oocytes in lator is abundant and oocyte maturation is inhibited. oma-1;oma-2 animals resemble those in female animals.
As the oocyte develops and OMA-1 and OMA-2 levels (4) Maintenance of MPK-1 kinase activation and the ascontinue to increase, the level of this negative regulator sociation of AIR-2 with chromosomes, two spermdecreases, triggering maturation in the Ϫ1 oocyte. One dependent events, do not occur in Oma oocytes, and possible candidate target for OMA-1 and OMA-2 proyet Oma sperm are functional. We conclude that OMA-1 teins in this scenario would be the wee- LGII: tra-2(q122gf).
LGIV: unc-24(e138), fem-3(e1950, e2006ts, q20sd,ts), lin-3(n1058) ized with EMS and 18,000 F1s were shifted to 25ЊC as L2. Twelve independent dominant suppressors were isolated and sequenced, confirming ten oma-1 lof alleles: te21, te22, te26, te27, te28, te30, MPF and Oocyte Maturation in C. elegans te33, te35, te36, and te41. We did not detect any mutations in the Despite differences in how MPF is activated in different coding region of the oma-1 gene in te31 and te34. Using 7704 animals, it appears to play a key role in oocyte maturaantibody, OMA-1 protein was not detected in te22, te27, te28, te30, tion in most organisms examined. However, it is not te31, te33, te34, te35, and te41, detected at a reduced level in te26 to that of CDC2 in other animals, but ncc-1(RNAi) results in an incomplete inactivation of ncc-1 in the gonad. 
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